The current study describes the in vitro phosphorylation of a human hair keratin, using protein kinase for the first time. Phosphorylation of keratin was demonstrated by 31 P NMR (Nuclear Magnetic Resonance) and Diffuse Reflectance Infrared Fourier Transform (DRIFT) techniques. Phosphorylation induced a 2.5 fold increase of adsorption capacity in the first 10 min for cationic moiety like methylene blue (MB). Thorough description of MB adsorption process was performed by several isothermal models. Reconstructed fluorescent microscopy images depict distinct amounts of dye bound to the differently treated hair. The results of this work suggest that the enzymatic phosphorylation of keratins might have significant implications in hair shampooing and conditioning, where short application times of cationic components are of prime importance.
Introduction
Hard keratins are the basic building blocks found in human and animal hair, as well as nails, horns and feathers [1] . Apart of being a major target of the cosmetic and care products industry [2, 3] , keratin fibers are lately being reported as novel biocompatible materials in the areas of tissue engineering [4] , wound dressings [5] , surgical interventions [6] , among others. Keratin and keratin-derived products may also be used as adsorbents for (toxic) pollutants [7] [8] [9] . For those purposes keratin structure may be chemically modified. Several patents report on modification of keratin fibers using enzymes for applications such as the properties enhancement of harshly treated wool textiles [10] , or for hair styling and coloring under mild conditions [11] [12] [13] . The usage of protein disulphide isomerase (PDI) enzyme for incorporation of functional molecules onto keratinous substrates was previously reported by our group [14, 15] . In previous hair studies samples are normally bleached with hydrogen peroxide [14, 15] . Bleaching of hair [16] [17] [18] is commonly employed with the purpose of original color removal from the bulk of a fiber for coloration [19] .
In vivo phosphorylation is considered an important posttranslational modification of proteins. It affects intra-and intermolecular interactions [20] and is stable under physiological conditions [21] . In the context of keratin, phosphorylation and dephosphorylation affect its interactions with other proteins [22] and the organization of keratinous filaments [23] . The essential role of keratin remodeling by phosphorylation in living systems has been demonstrated through the observations of its different mutation and mis-expression experimental models [24] . The degree of phosphorylation may vary [25] , and it is assumed to be carried out by several kinases: cAMP-and Ca 2+ /calmodulin-dependent kinases, protein kinase C [26] . Currently, no work on in vitro phosphorylation of keratins can be found in literature.
Adsorption is a concentration change of a given substance between the boundaries of two phases as compared with the surrounding bulk phases [27] . Underlying mechanisms of adsorption processes are usually complex because of structural and energetic heterogeneity of the surfaces that is common to a vast number of adsorbents routinely used [28] . Hence, extensive modeling is needed in many cases, in order to evaluate the adsorption mechanism pathways, to express the surface properties and capacities of adsorbents, and effectively construct the adsorption systems [29] . The heterogeneity of hair, whether physical and/or chemical, implies that the binding of applied adsorbents to its surface is expected to be more complex than that to homogeneous solid surfaces.
In the current work and for the first time keratin was phosphorylated by protein kinase A (PKA) with exogenously supplied ATP. Throughout the manuscript, the phosphorylated hair will also be referred to as a modified hair. Methylene blue (MB) adsorption/desorption studies were performed, aiming to check the characterization of the keratin modification. Acquired data were fit by different kinetic and thermodynamic models, and the arisen findings were discussed.
Materials and methods

Materials
Human virgin hair of Caucasian origin was supplied by International Hair Importers & Products Inc., (USA) and used as provided. Methylene blue dye was of Carlo Erba Reagents (Italy). Trizma ® base, NaOH, HCl, protein kinase A (Cat.nr. P5511) and Esperase ® 8.0L protease (Cat.nr. P5860) were obtained from Sigma-Aldrich (Spain). All reagents were of analytical grade.
Preparation of (phospho-) keratin samples
Prior to phosphorylation, hair was subjected to 5 cycles of bleaching, similarly to the reported protocol [30] . During a separate cycle, 2gr of dry hair tresses were immersed in 200 mL solution containing 12 wt% H 2 O 2 in 0.1 M Na 2 CO 3 , pH 9.0 buffer, at 50 • C for 1.5 h. Bleaching solution was flashed after each cycle. Subsequently, bleached hair was thoroughly rinsed with distilled water, dried and stored at room temperature at 40-45% relative humidity. Prior to phosphorylation, the hair was pre-conditioned in PKA buffer (recipe given in [31] ) for 1 h; conditioning buffer was then replaced by a fresh one. Phosphorylation was carried out using PKA, similarly to the reported method [31] . A typical reaction of 10 mL total volume was constituted by 0.28 gr hair, 90 PKA units, 0.5 mM ATP and 100 M cyclic-AMP. The reaction was terminated by three washings in ultra-pure water (one brief and the following two of 10 min each), samples were dried and stored as described previously. The non-phosphorylated hair, serving as a negative control, experienced all of the above treatments with a single exception-no kinase enzyme was added to the reaction mixture.
Infra-red spectroscopic characterization of hair
Diffuse Reflectance Infrared Fourier Transform (DRIFT) analysis was performed on Spectrum 100 of PerkinElmer Inc., (USA), equipped with diffuse reflectance sampling accessory. For the sampling of hair tresses, uncoated Si-C abrasive pads (Cat.nr. L1271021, PerkinElmer) were used. The hair was actually scratched by the pads, and the dust-containing samples analyzed. The background was acquired with a clean pad. Data were collected from two independent measurements, each one was done in 64 rescan mode. The scan range was taken from 450 to 4000 cm −1 with a resolution of 16 cm −1 . Spectral normalization was automatically performed by the software, Spectrum v6.3.5.0176 (PerkinElmer).
Nuclear magnetic resonance spectroscopy of hair
NMR was performed on Bruker Avance III 400 MHz spectrometer (USA). 31 P spectra were obtained at the frequency 162 MHz with the spinning rate of 20 RPM. 1 H decoupling was performed and 64K data-points collected. For each sample, 20,700-20,900 transient scans were collected. External phosphoric acid was used to express the relativity of detected chemical shifts.
Hair samples of both types (non-phosphorylated and phosphorylated) were partially degraded with Esperase ® 8.0L as following. 150 mg dry hair was incubated with 6 U protease at 50 • C for 1 h. The reaction buffer was 40 mM Tris-HCl, pH 9.4, devoid of any other salt. Proteinaceous debris were separated from the rest of solution by centrifugation and supernatant taken to NMR assay.
Methylene blue adsorption/desorption studies
Initially, dye stock solution was prepared, obtaining a final concentration of 2000 mg L −1 . All the solutions of different pH were prepared as described elsewhere [32] . Instead of water, 50 mM Tris-HCl buffer was used. Simple dye adsorption/desorption tests were performed by incubating various hair samples with MB dye, and, consequently without MB. The adsorption/desorption tests were performed in batch conditions by shaking the adsorbate at 40 RPM in 10 mL incubation solutions, at 20 • C, unless other temperature was indicated. All the adsorption experiments were performed using a constant adsorbent dosage of 1.1, i.e., (11 mg dry hair mass)/(10 mL MB dye starter solution). For desorption examinations, the dye-loaded hair was previously and gently washed in 10 mL ultra-pure water for 1 min to remove any un-adsorbed dye. Discrete MB concentrations were determined spectrophotometrically by reading the solutions against standard curves at 665 nm.
The adsorption capacities Q t , Q equ and Q max (mg g −1 ) and the percentage removal efficiency R (%) were calculated as previously described [32, 33] : 
Acquired data processing
Data that needed fitting were exported to OriginPro software, v8.5.0 by OriginLab Corporation (USA). Linear fit was performed by using the appropriate routine with default software settings. DRIFT-derived spectra were smoothed in OriginPro software by Adjacent-Average method, without weighting. Filter window size of 15 points was used. Empiric data were fit by or substituted into several equations, presented in Table S1 .
Sample preparation for confocal microscopy, image acquisition and 3D modeling
Separate hair shafts were embedded in epoxy cold mounting system (Cat. nr. 40200029, Stuers, UK) according to the supplier's protocol, and the system was left to cure. Obtained solid material was polished and subsequently sliced by a blade microtome machine, producing slices of 15 m thickness. The sliced straps, containing hair, were mounted on glass slides and inspected on Olympus BX61/FV1000 confocal system, operating under Olympus Fluoview v4.0 software (Olympus Corp., Japan). 635 nm wavelength diode laser, operating at 2% of power, was used to excite the dye; emission was collected through BA 655-755 nm band-pass filter. PLAPONSC 60× oil objective with numerical aperture of 1.4 was utilized. During the image acquisition, depending on the fluorescent output, the High Voltage and PMT Gain parameters were manually adjusted until the appearance of first sings of saturation or a noisy background. Constant Offset parameter of 10 was used.
Acquired 3-dimentional (3D) images were loaded into Imaris ® v.7.0.0 software (Bitplane AG, Switzerland) and the corresponding 3D models were built. For the sites of major dye affinity, background subtraction with thresholding of 1.035 m was performed, the rest of the building algorhytm parameters were set to automatic. For designates a phospho-group.
the bulk hair shaft volume visualization, automatic smoothing was performed.
Results
Evidences to the phosphorylation of hair keratin
To confirm the enzymatically-driven phosphate incorporation in chemically damaged hair, two methods were employed. Since regular ATR-FTIR was not able to detect phosphate-related vibrational peaks on modified keratin during preliminary examinations made on Merino wool (Fig. S1 ), DRIFT was performed. Fig. 1A depicts IR spectra of differently treated hair in the region of interest (ROI) of 1800-400 cm −1 . The common peaks of Amide I, II and III (1650, 1540 and 1200 cm −1 , respectively) [34] are the first to be mentioned. Two additional bands [34] , also shared by all hair types, are the somewhat subtle peak from aromatic and imidazole rings of Trp, His and Pro (1450 cm −1 ); and the sharply appearing Thr/Ser C O stretching vibrations (1050 cm −1 ). Interestingly, the C O vibration was hardly observed for the virgin hair, what may signify that its intact outer-layers together with lipid coating of 18-methyleicosanoic acid [35] (18-MEA) shield inner structures from IR irradiation. Finally, a bimodal peak at 830/800 cm −1 is observed solely for the phosphorylated hair. In-phase P O C stretching vibrations can produce such a peak ( [36] or refer to triethyl phosphate IR spectrum available online). The abnormal inverted peak at 980 cm −1 is most likely an artifact of Restrahlen reflection of the abraded hair samples [37] .
To further confirm the existence of phosphate group introduced into keratin, NMR of differently treated and degraded hair shafts was performed (Fig. 1C) . From Fig. 1B (top) it is seen that non-phosphorylated hair peptides showed only a basal phosphaterelated peak, whilst kinase-reacted hair indicated a pronounced peak. The very weak phospho-peak of non-phosphorylated keratin may be attributed to some basal level of phosphorylation, naturally present [38] . Taking into account the number of scans, required for the peaks in Fig. 1B to appear (Section 3.4) and the sensitivity of the equipment (Fig. S2 ), the phosphate found within the fibers is considered to be at -molar amounts.
Preliminary adsorption studies. Calculation of hair adsorption capacity
The estimation of MB starting concentrations were done to calculate maximal adsorption capacity (Q max ) values. The results for different adsorption capacity (Q t ) values are depicted in Fig. 2 . For both hair treatments, Q t increases as the MB concentration in starter solution ([MB] init ) increases, until an equilibrium, seen as graphs' plateau, is reached. It is evident that phospho-hair adsorbs more dye, than the non-phospho-hair. Moreover, [MB] init for the phosphorylated hair is 0.57 mg mL −1 . This value was used in all later experiments.
Kinetic, modeling and mechanistic aspects of MB adsorption
Once the best [MB] init was known, it was possible to conduct extended kinetic investigations of the dye binding. Hair samples were incubated at 20 • C for 24 h and adsorption progress frequently monitored during the first 3.5 h of the experiment. The last time point collected was at 24th hour. Experimental outcome is presented in Fig. 3 . Again it is clear that keratin with additionally incorporated phosphate demonstrates better dye uptake.
To gain additional insights on the dye-hair interaction, several models were applied to empirically acquired data. Namely: the pseudo-first order (PFO), pseudo-second order (PSO) and intraparticle diffusion models. Empirical data points with matching fitted curves are presented in Fig. S3 , calculated kinetic values given in Table 1 and the corresponding equations appear in Table S1 . Based on the similarity of Q max and Q equ , as well as on the values of adjusted coefficient of determination R 2 it can be concluded that the PSO model describes dye uptake kinetics in the best way, meaning that the uptake is dependent on both dye concentration and avail- and Qmax was assessed as described. NP-and P-designate the non-modified or enzymatically modified hair, respectively. ability of binding sites in the adsorbent. Moreover, the values of constant C indicate additional factors [39] , such as boundary layer thickness and boundary layer diffusion that also govern the masstransfer of MB from solution to the hair adsorbent. The current findings on adsorption rate and on additional phenomena, arising from the intra-particle model, corroborate the previously reported conclusions for adsorption tests in various systems [32, 33, 39, 40] . Although the reaction of adsorption is commonly characterized by Langmuir and Freundlich isotherms, other isotherm models may be applied, depending on the need. As such, Dubinin-Radushkevich Isothermal models for MB adsorption with the corresponding indicative constants. E is the mean energy of adsorption. NP and P designate the non-modified or enzymatically modified hair.
(D-R) isotherm serves the answer for qualitative evaluation of adsorption mechanism with a particular energy distribution onto a heterogeneous, porous surface. In the current work all of the aforementioned isotherm models were used [41] ; their linearized equations are given in Table S1 . Langmuir model presumes that adsorption occurs at specific and homogenous sites within the adsorbent, with the adsorbate forming a monolayer that covers the adsorbent; Freundlich model assumes that some heterogeneous adsorption surface exists, with sites of different energies of adsorption and non-equal availability. The data, obtained from Q max determination experiments, were fitted by the chosen models.
Resulting fits are presented in Fig. S4 and the calculated parameters, corresponding to each isotherm model are given as Table 2 .
It can be seen that Langmuir isotherm describes best the dye adsorption, similarly to previous works [32, 33] , however this is not the case of dimethylpabamidopropyl laurdimonium tosylate (DDABDT) adsorption on delipided human hair, where the Freundlich model fits the observed process in a better way [40] . In this case the molecular structures of both adsorbate (a long-chain alkylated quaternary ammonium compound) and a hair adsorbent (virtually intact fibrous framework, except for 18-MEA removal) reflect on the binding mechanisms that differ from other systems mentioned. Freundlich model was also found to be the most appropriate for description of MB removal from aqueous solution by silkworm exuviae [42] . The degree of surface heterogeneity 1/n, known from the slope of a curve by plotting lnQ equ versus ln[MB] equ , indicates more heterogeneous surface if inequality 1/n « 1 holds and the factor 1/n decreases [43] . Therefore, it is worth noticing that the currently reported 1/n (1/n NPhair = 0.2474 and 1/n Phair = 0.2704) is roughly twice smaller than the one presented previously [42] (for the closest temperature available: 1/n = 0.5370). Thus, the heterogeneity of chemically damaged hair is higher than that of silkworm exuviae, though phosphorylation seems to decrease this property. By using Langmuir model it can be assessed whether a given adsorption system is favorable or not. For that, a dimensionless constant, R L , is defined as following:
or unfavorable (R L > 1) adsorption. Both modified and non-modified hair exhibited R L values in the range: 3.00 × 10 −5 < R L < 4.46 × 10 −4 ( Fig. S5 ), thus indicating a favorable process. A similar conclusion can be drawn from Freundlich modelderived parameter n. n falling within the value range of 2-10 represents good, 1-2 moderately difficult, and less than 1 poor sorption [33] ; therefore the values appearing in Table 3 point on a favorable sorption. 
Thermodynamic aspects of MB adsorption and desorption experiments
To gain additional important insights into dye-hair interactions Dubinin-Radushkevich (D-R) isotherm model was used. Although being not the best model to describe our binding system, D-R isotherm offers assessment of adsorption energy by the calculation of related constant ˇ. The constant is presented in the linearized equation of this isotherm (Table S1 ). It can be obtained from the slope of a curve by plotting ln Q equ versus ε 2 . In turn, ε is equal to
equ . So that ˇ enables the researcher to calculate the mean energy of adsorption E as defined [44] : E = (2␤) −2.5 . Having ␤ NP hair = 0.00223 and ␤ P hair = 0.00244 mol 2 kJ −2 , the resulting energy is obtained in the range of 14 < E < 15 kJ mol −1 for both hair types, indicating an ion-exchange mechanism of dye uptake [45] . In our particular case, energy was needed to transfer the dye ions from the solution to the surface of two different adsorbents, however for the phosphorylated hair this energy uptake was somewhat lower, which reflects the elevated favorability of phosphorylated hair as a material for MB adsorption.
In parallel, the changes in adsorption enthalpy H, entropy S and Gibbs free energy G were calculated using the corresponding equations from Table S1 . H, S and G values are presented in Table 3 . It can be seen that dye adsorption was exothermic in nature and during this process the entropy slightly increased. The increase in entropy was more prominent for the non-modified hair. Since negative G values were obtained for all conditions examined, the adsorbate uptake was thermodynamically favorable. Owing to the exothermic nature of MB uptake, a trend of decreasing Q with incubation temperature augmentation was observed (Fig. 4A) .
The thermodynamic behavior of our system can be viewed in the context of similar studies. Two works report on MB uptake as an exothermic process. One study estimates E of similar magnitude [32] , the other describes spontaneous adsorption of the dye accompanied by significant decrease in S [46] . The adsorption of hematoxylin (chemically similar to MB) onto yak hair was reported as an exothermic, spontaneous and with entropy increase for temperatures of 30 • C and above [47] . Other systems for MB removal from industrial effluents are generally endothermic, spontaneous and cause S elevation during the dye uptake [42, [48] [49] [50] .
The ultimate factor to be elucidated was the pH variability of the MB incubation solution. In our experiments higher values of Q were observed with increased pH (Fig. 4B) . As a cationic dye, MB tends to bind more easily to a negatively charged surface, whose electrostatic properties, in turn, depend on both pH and phosphorylation. Non-modified material showed mildly rising adsorption trend-line as pH incremented from 4.0 to 7.0, while the modified material demonstrated constantly increased adsorption. After the neutral pH is passed Q rises abruptly for the non-modified adsorbent. The tendency of Q augmentation with rising pH is in line with earlier recorded data of MB adsorption onto several biosorbents ( [32, 42, 46, 48] or Table 4 ).
Since the main scope of the current work was elucidation of mechanisms governing the MB uptake by the human hair-based adsorbent, only qualitative studies for the dye desorption were performed.
To do time-lapse examination of desorption process MB-loaded samples were incubated at 20 • C for 24 h and adsorption progress frequently monitored during the first 3.5 h. Resulting removal efficiencies R for various conditions are shown in Fig. 5 . As opposed to the tendency of Q to grow with phosphorylation, R increases with its absence. To NP condition, MB that is bound non-specifically to the hair shafts is thought to be the most contributing factor for higher R values. It makes sense that the modified adsorbent P-possesses higher affinity for the dye, hence its calculated R is smaller.
Temperature-and pH-dependent examinations of MB desorption revealed that it is an endothermic process and disfavored at basic pH values (Fig. 6 ). The first observation (temperature dependence) contradicts the previously reported conclusion made for keratin-derived nanofibrous membranes [32] , however it concords with the study done on sheep wool as adsorbent [46] . Thus the result currently obtained is a plausible one, since our system physically resembles more the system of Khan et al. [46] , i.e. wool fibers and not electrospun membranes. The second observation (pH dependence) contradicts the previously reported one as well [32] , probably because of the higher amount of negatively charged groups per se and their further enhancement by a rising pH.
3D visualization of the hair-bound dye
Finally, we obtained the images of differently bound dye onto various adsorbents, by confocal microscopy. For that, modified and non-modified dried hair shafts were incubated for 1 min in 0.025 g L −1 MB-containing buffer, fixed with epoxy resin and further processed (Section 3.7). The short immersion time allowed for the dye binding preferably to the sites of highest affinity (whether phospho-sites or any others of similar binding capacity). Resulting images are presented in Fig. 7 . It can be seen that the modified hair was able to adsorb more dye. Moreover, the calculated volumetric ratios for both hair types: V dye−bound hair /V total hair , reported by Imaris ® program, are 0.0225 and 0.0317 for a non-phosphorylated and phosphorylated material, respectively. These values indicate a 29.1% increase in the specific dye binding sites as a result of phosphorylation.
Discussion
The current work represents, for the first time, a successful attempt to enzymatically phosphorylate hair keratin. It was previously shown by others [51] and by our group [31, 52] that fibrous materials can be enzymatically modified by protein kinase A. Different physico-chemical properties could be tailored by the attachment of incoming phospho-group, such as hydrophobicity and conformational changes in fibrous materials. During their biogenesis, keratinous fibers undergo post-translational modifications by endogenous enzymes [38] . Thus, it was a valuable question to ask if the in vitro phosphorylation of bleached keratin is doable. Moreover, enzymatically-driven reactions constitute an attractive and relatively novel aspect, applying to the "green chemistry" approach.
Phosphorylation of hair and its subsequent detection was a somewhat challenging task, since the levels of phosphate incorporation onto keratin are considered to be low. The main obstacle 
Table 4
Comparative list of kinetic and thermodynamic parameters of various ionic adsorbates.
Experiment
Applied models and their outcomes Refs. MB-methylene blue; NPHK-non-phosphorylated hair keratin; SE-silkworm exuviae; SWK-sheep wool keratin; HMTX-Haematoxyln; YWK-yak wool keratin; CLL-Cellolignin; PS-parsley stalks; PFO-pseudo-first order; PSO-pseudo-second order; Thermod.-thermodynamic modeling. All the thermodynamic parameters are presented in the units of (kJ-mol −1 ), the rest of data bares the same units as in the previous tables. a Presented are the data, corresponding to the lowest encountered adsorbate concentration. b Presented are the data, corresponding to the minimal encountered temperature of incubation solutions, of 30
• C. c Original datum presented in the units of (mol-gr −1 ). d Presented are the data, corresponding to the minimal encountered temperature of incubation solutions, of 20
• C. e Presented are the data, corresponding to the temperature of incubation solutions, of 25
• C. f Corresponds to the best-fitting model. g Designates the current work.
is the low availability of amino acid residues, suitable for phosphorylation by PKA. Of all residues, constituting different keratin polypeptide chains and that could undergo phosphorylation (Ser, Tyr, Thr), only Ser and Thr side residues are suitable substrates of PKA [53] . The enzymatic reaction, however, cannot proceed on intact hair fiber, it needs to be profoundly bleached. In the current work, ≈7% of dry hair mass was lost due to the bleaching. The damage caused by the bleaching can be roughly divided into two categories: surface damage to the cuticle and structural damage to the bulk fiber. After the bleaching process severe cuticle perforations, breaking and lifting of cuticular scales, coupled to decreased crosslink density of the hair cortex were previously reported [54, 55] . Several amino acids: cystine, Lys, Arg, Pro and Thr are oxidized [56] ; leaving merely Ser suitable for PKA action. As Ser constitutes ≈11.6% of total amino acids in mol g −1 of a dry and chemically intact Caucasian hair [57] , one should also consider the condition whether this Ser is a part of enzyme recognition sequence or not. All of the above statements lead to conclusion that the phosphorylation extent is quite low. Fig. S1 supports that notion, although the wool material presented there underwent only delipidation, whilst our hair samples underwent both delipidation and bleaching. Final outcome is that PKA recognition sequence and general accession factors of enzyme toward a substrate (steric hindrance) probably play a pivotal role in limiting the phosphorylation extent.
ATR-FTIR and DRIFT techniques use different optical phenomena, respectively specular and diffuse reflection. DRIFT is particularly useful in the investigations of powdered and diluted (or physically discontinuous) samples [58] . As such, for the modified hair it was possible to obtain phosphate-specific signal solely in a DRIFT-derived spectra. Different vibrations, originating from the phosphorylated Ser side chain are of P O, P OH and P O C major types. In the chosen ROI, P O stretching (1250-1300 cm −1 ) and P-OH deformation (≈1050 cm −1 ) vibrations [59] were currently not observed; P OH vibration was possibly masked by a more intense P O C stretching vibration [60] (aliphatic, 1000-1100 cm −1 ). P O C vibration itself was seen shifted, along with the appearance of Restrahlen band (Fig. 1A) . Since DRIFT performance depends on diffuse, or volume, scattering, the size of abraded sample particles may provoke unwanted specular reflection, thus resulting in the observed artifact [61] .
Phosphate incorporation was further confirmed by NMR analysis of protease-degraded hair keratin. Due to a subtle phosphorus amounts present in the sample, no additional salts were in used in the protease buffer formulation, as possible precipitation of phosphate could occur. Divalent metal cations like Mg +2 or Ca +2 are known to facilitate enzyme-driven reactions. Specifically, Esperase ® 8.0 L protease demonstrates enhanced stability and performance with Ca +2 ions present in reaction buffer [62] . However, no in vitro phosphorylation-specific peak was obtained for the digested hair samples, when calcium was present as buffer component (data not shown). Calcium phosphate salt formation and its subsequent precipitation at elevated temperature and pH may be accountable for that result [63] . The already mentioned presence of a weak peak in the negative control (Fig. 1B, lower panel) may stem from an in vivo post-translational modification of keratin. Indeed, such phosphorylation of several human hard ␣-keratin and matrix proteins was previously visualized by immuno-blotting [38] . NMR studies, previously done on phosphorylated keratins, showed considerably low amounts of phosphate present within a tested samples [64, 65] .
One of the main outcomes of this study is that phosphatemodified adsorbent demonstrated higher affinity toward the dye adsorbate. Keratin is a polyampholyte with pI of 4.7-5.4 [66] , so the charge deployed on it is pH-dependent and negative at physiological pH. The incoming phosphate group further enforces that negative charge, as its pK a2 = 5.78 [67] , thus resulting in higher dye affinity to the hair and elevated Q values (Figs. 2, 3, 4B, 6B) .
At the same time, it can be seen that phosphorylation increases dye affinity to the adsorbent and decreases dye picking times. All the modeling outputs, presented in Table 1 , clearly show the differences between the modified and the non-modified fibers. Another important feature of the made system is that the differences in dye adsorption are starting to be visible already from the 6th to 12th minutes of incubation (Fig. 3B) , indicating rapid MB uptake by the phosphorylated fibers.
Concordantly with the approach that adsorption reaction models are widely employed to describe the process of adsorbent uptake, we tested three kinetic models. It was found that model fitting decreased as following: PSO > PFO > Intra-particle model. For both PSO and PFO models, the reaction rate-limiting step is the surface adsorption. In the case of PSO, for an observed system, MB removal from a solution and its deposition on hair is due to physicochemical interactions between the two phases (chemisorption). From the thermodynamic modeling, discussed later, it is clearly seen that the adsorption process is indeed of chemisorption type. On the contrary, PFO is thought to describe the dye deposition process by van der Waals forces between the dye and the hair (physisorption). Thus PFO model does not account for several adsorbate-related parameters and therefore is less accurate. Moreover, one of the deviations from the intra-particle model (Weber-Morris), used herein, represents another concept where the rate limiting step is the adsorbate diffusion through porous structure of adsorbent ( [68] and references within). In some cases (as presented here and in the literature [33, 39] ), adsorbent boundary layer diffusion effects impose additional outcomes on the total adsorption process. Adsorption kinetics may thus be controlled by external diffusion in the bulk phase and intra-particle diffusion simultaneously. A non-zero slope of the fit curves, shown in Fig. S3 , C and a non-zero values of constant C (Table 1 ) support the latter claim. However, the donation of intra-particle diffusion to the total process seem to be insufficient for that model to acquire superior
Other important insights on dye-hair interactions are elucidated by isothermal modeling. Three models fit the acquired data in the descending order: Langmuir > D-R > Freundlich. Apart of Langmuir isotherm assumptions (Section 2.3) there is an agreed opinion that the adsorption on solid surfaces, either physical or chemical, can be plausibly described by this model [41] . Q max values, originating from this model, appear similar to the experimentally found (compare Tables 1 and 2 ). The effective dissociation coefficient K L is a measure of adsorbate affinity to the adsorbent. Compared to the literature ( [32, 33, 42, 46] (Fig. 2, 0 .05-0.35 g L −1 ). R L values for both adsorbent types indirectly support this notion, indicating more than just "favorable" adsorption. More recent studies on understanding the theoretical origins of empirical first-and second-order rate equations for adsorption showed that "the Langmuir kinetics indeed represents a hybrid rate equation with a variable reaction order of 1-2" [69] . This fact is important for understanding two outcomes: the relative plausibility of data fitting by the pseudo -first and -second kinetic models (Table 1 ) and the suitability of Langmuir model itself for the specific adsorption data set ( Table 2 ). Nevertheless this does not mean that the observed adsorption is solely constituted by a particular mechanism. In fact, in many cases the experimental systems are comprised by porous and/or disperse solids, exhibiting structural and energetic heterogeneity. Accordingly, our system is expected to possess both non-uniformities: structural (originating from hair shaft perturbations) [30, 54, 55] , and energetic (originating from phosphorylation) [67] . To accommodate for the energetic surface heterogeneity Freundlich and D-R models were employed [41] . Energetic surface heterogeneity is a depth change of the local potential minima as demonstrated by physically separated adsorption sites of that surface [70] . The values of 1/n, previously presented (Section 2.3), support the latter notion and are similar to the reported: lower than some [33, 42] (indicating a more heterogenetic surface), or higher than others [32, 46] (indicating a less heterogenetic surface). Yet, on the basis of k f , the adsorption capacity of our system was superior to the all others listed. Finally, the adsorption mechanism, clarified by D-R model is of chemisorption type, corroborating the reports mentioned earlier. Another feature to be noted is that Q max values seem to be overestimated by D-R isotherm, a common tendency seen also in the previous studies.
Of the thermodynamic values, calculated throughout the current work, S attracts particular interest. This is due to a fact that estimations of both H and G for the very similar adsorption systems [32, 46] (Section 2.4) resulted in the same tendencies. Specifically for G (Table 3) , whose values neither fall to the range of pure physisorption (−20 to 0 kJ mol −1 ) nor chemisorption (−80 to −400 kJ mol −1 ) [71] , ion-exchange mechanism was proposed earlier in this work, on E values basis (Section 3.4). The sole work dealing with MB uptake by virgin wool keratin, reports on significantly negative entropy change [46] , while our study reports a slight positive change. Since both animal wool and human hair are very similar in structure and composition [72] , there is a need to explain the observed discrepancy. It is known that positive entropic contributions upon binding mainly include the release of counter-ions, while negative contributions stem from the decreased mobility of adsorbates [73] . If one compares the oxidized keratin surface with the intact surface, the first is most probable to include various ions due to the oxidation by H 2 O 2 -originating radicals (OH • , ferryl radical). The radicals that emerge as H 2 O 2 are reduced by a protein-bound metals [56] , naturally occurring in the melanin granules of hair (Al, Mg, K, Ca, Fe and Zn) [74] . Some of the other mentioned adsorption systems, possessing ion exchange mechanism [42, 48] , exhibited positive S values during the adsorbate uptake, thus making the explanation of the current observation quite plausible.
An interesting outcome was obtained from 3D imaging. As a highly heterogeneous material, the hair possesses sites of variable dye affinity, and this affinity can be somewhat increased by phosphorylation. However, it was not possible to discriminate between the phospho-sites and the rest, based on fluorescent microscopy. Hence only the totally increased amount of a bound MB, visualized by 3D reconstruction, provides additional support to the rest of experimental data, currently collected.
Conclusions
The performed study assessed hair keratin-based adsorption system, modified by in vitro phosphorylation. Our data support the notion that phosphorylation enhances the adsorption of cationic species, opening a possibility of a cosmetic application. Further research on enzymatic stability and specificity may enhance the concept of phosphorylation as a diversification mean for different natural materials in the future.
